Abstract-The radiative properties of patterned silicon wafers have a major impact on the two critical issues in rapid thermal processing (RTP), namely wafer temperature uniformity and wafer temperature measurement. The surface topography variation of the die area caused by patterning and the roughness of the wafer backside can have a significant effect on the radiative properties, but these effects are not well characterized. We report measurements of room temperature reflectance of a memory die, logic die, and various multilayered wafer backsides. The surface roughness of the die areas and wafer backsides is characterized using atomic force microscopy (AFM). These data are subsequently used to assess the effectiveness of thin film optics in providing approximations for the radiative properties of patterned wafers for RTP applications.
I. INTRODUCTION
R APID thermal processing (RTP) is an attractive alternative to conventional furnace processing due to its low thermal budget, but its wide acceptance in industry has been slowed by problems with across-wafer temperature nonuniformity and wafer temperature measurement and control. Because radiative transfer is the dominant mode of heat transfer in RTP systems, the radiative properties of the wafer have a first order effect on the wafer temperature uniformity. Even if an RTP system gives acceptable temperature uniformity for an unpatterned monitor wafer, disparities between the radiative properties of the die area and wafer periphery [see Fig. 1(a) ] can lead to pattern induced temperature nonuniformity for the product wafer [1] , [2] . The resulting across-wafer temperature nonuniformity can then cause nonuniform device performance, as well as thermal stress induced problems such as wafer slip, dislocations, and wafer warpage [3] , [4] . The use of equipment simulations is a promising strategy for exploring solutions to these problems [1] , but the ability to predict the radiative properties of a patterned wafer at processing temperatures is crucial to the accuracy of the simulation results. The radiative properties of the wafer backside [see Fig. 1 also have a profound impact on temperature measurement by pyrometry, which is the most pervasive temperature measurement technique for RTP [5] . Changes in the emissivity of the wafer backside at the pyrometer wavelength can cause significant temperature measurement errors, degrading process repeatability. The ability to predict the radiative properties of a patterned wafer would advance the understanding of both temperature nonuniformity and temperature measurement issues.
The radiative properties need to be predicted for three types of surface areas on a wafer (Fig. 1) . On the front side, the wafer periphery is a multilayered, homogeneous, optically smooth surface where no devices are patterned. The die area, where devices are patterned is a multilayered, heterogeneous, optically rough surface. The wafer backside is a multilayered, homogeneous, optically rough surface. For optically smooth multilayered surfaces, the simplest and most effective way of calculating the radiative properties is by thin film optics. The methodology is valid for the wafer periphery, but the optical roughness of the die area and wafer backside limits the applicability of thin film optics. Surface roughness has a number of potential physical effects on the interaction of electromagnetic radiation with the surface which are not accounted for in thin film optics. First, it causes scattering of incident radiation in directions other than the specular ones [6] . Second, there are diffraction effects [6] . Third, for multilayered surfaces the interfacial roughness can destroy the coherence of the interfering electromagnetic waves, reducing the amplitude of interference fringes [7] . Finally, if there are surface cavities with dimensions comparable to or larger than the wavelength with large height-to-width ratios, there can be multiple reflections in these cavities which decrease overall reflectance [8] . The severity of these effects for patterned silicon wafers is not well understood.
There has been little work exploring the radiative properties of the die area. To the best our knowledge, the radiative properties of such surfaces have not been measured. A simple model based on thin film optics has been presented by Hebb and Jensen [1] . Erofeev et al. [9] rigorously modeled the radiative properties of two-dimensional periodic surfaces with multilayers by solving Maxwell's equations with the finite element method. This approach should capture all of the surface roughness effects described above. Although this method appears promising, it is computationally intensive even in two dimensions, and the patterns on real die surfaces vary in three dimensions. Furthermore, real die surfaces are not necessarily periodic. In any case, experimental data are needed to validate models of radiative properties for optically rough surfaces.
There have been two notable studies of the emissivity of the backsides of bare silicon wafers. Xu and Sturm [10] measured the effect of source illumination angle on the reflectance of the backside of bare silicon wafers with varying degrees of surface roughness, which was characterized by atomic force microscopy (AFM). They found that the surface roughness had a large effect on the dependence of the reflectance on illumination angle, and compared the measured reflectivity to the results of the Beckman model [6] . The model captured the correct trends, but experimental results suggested that multiple reflections in surface cavities, not accounted for in the Beckmann model, had a significant effect. Vandenabeele and Maex [11] measured the normal emissivity of bare wafers with varying degrees of surface roughness. They found that at lower temperatures where the wafer is semitransparent, even moderate roughness enhanced the emissivity. They developed a model for this phenomenon based on light trapping by total internal reflection in the wafer. For higher temperatures where the wafer was opaque, only the roughest wafer showed enhanced emissivity, probably due to multiple reflections in the surface cavities. For multilayered surfaces with rough interfaces, thin film optics has been extended by using the Beckmann model to predict the reflectance in the specular direction [7] . For these theories to be useful for RTP modeling, it would be necessary to extend them to predict the radiative properties in all directions. More complex models have also been developed for the effect of interfacial roughness on the scattering of radiation from multilayer stacks [12] , [13] .
Given the lack of understanding and the complexity of modeling the effects of surface roughness for patterned wafers, the following approach is taken in this work. The room temperature reflectance is measured for a memory die and a logic die, and for various multilayered wafer backsides. The surface roughness of both the die areas and wafer backsides is characterized using AFM. We then assess the effectiveness of thin film optics in providing approximations for the radiative properties of both die areas and wafer backsides.
II. THE APPLICATION OF THIN FILM OPTICS TO PATTERNED WAFERS
Thin film optics is a method for predicting the reflectance, transmittance, and absorptance of a multilayer thin film stack for a particular wavelength, polarization, and angle of incidence [14] . The theory treats the electromagnetic radiation as a wave, so it captures interference effects in the layers. We implement thin film optics in the form of the 2 2 matrix method of multilayers outlined by Yeh [14] , which further assumes the materials are optically isotropic, i.e., the optical constants are not dependent on crystallographic direction. Spectral averaging is used to account for the degree of coherence in the multilayer stack, which makes the theory valid for any layer thickness. To obtain the spectral directional radiative properties for thermal radiation, the results of the sand p-polarizations are arithmetically averaged [7] .
Optically smooth surface reflects radiation only in the specular direction, i.e., the angle of incident radiation, , is equal to the angle for reflected radiation, . Since optically rough surfaces generally reflect radiation in all directions in the hemisphere, the interpretation of thin film optics predictions for a rough surface requires some explanation. Here we assume that for a particular angle of incidence, the total energy reflected in all directions of the hemisphere for the rough surface will be equal to the energy reflected in the specular direction predicted by thin film optics. No information on the directional dependence of this reflected energy is yielded by thin film optics.
As mentioned above, the unpatterned wafer periphery on the frontside generally satisfies the assumptions of thin film optics. Fig. 2 shows a comparison of the theory with data of Timans [15] for an optically smooth multilayer stack consisting of (top layer first): 2.0 m SiO 1.0 m polysilicon/0.93 m SiO with a lightly doped silicon wafer as the substrate. The measured quantity is the emittance of the layered structure at a wafer temperature of 1073 K for the s-polarization at an angle of incidence 45 off normal, normalized by the same quantity for an optically smooth bare silicon wafer. The optical constants for silicon and polysilicon are obtained from a model for the temperature dependent optical constants [16] , and those of SiO are obtained from the literature [17] . The close agreement between the measured data and the model demonstrates the validity of thin film optics, as well as the model for the optical constants of silicon.
The die surface generally violates some of the principle assumptions of thin film optics. The surface is not optically smooth, with the r.m.s surface roughness being on the order of a 1 m. Also, the die area is a collage of various thin film stacks, and the stacks can have dimensions on the order of the wavelength in the direction parallel to the film interfaces (Fig. 1) . The surface topography is predetermined by the die layout. The presence of the multilayer stacks will give rise to interference effects which are accounted for in thin film optics, and the surface roughness will give rise to some or all of the effects described in Section I. To apply thin film optics to the die area, we calculate the spectral directional radiative properties of each component present in the die using thin film optics, and average these properties using the fractional area of each component as weighting factors. For example, the spectral directional reflectance for a die would be calculated by [1] (1) where total number of components; fraction of the total area covered by component ; angle of incidence; wavelength of the incident radiation in vacuum; spectral directional reflectance for each component predicted by thin film optics; spectral directional reflectance for the whole die. The wafer backside typically violates some of the assumptions of thin film optics. The unprocessed wafer backside is typically "unpolished," with a r.m.s surface roughness on the order of 1 m. Before processing, the wafers are either bare single crystal silicon, or can have a thin layer of polysilicon for gettering impurities. During processing, there are generally multiple layers deposited on the backside, which are costly to remove and have drastic effects on the radiative properties. The interfaces between these films are not optically smooth, and they may not be parallel, depending on how well the grown films conform to the layer below them. The multilayers will cause interference effects, and the roughness at each interface will generally have the effects described earlier. We predict the radiative properties of the wafer backside using thin film optics, although it is not strictly applicable.
The ability of thin film optics to yield accurate predictions of the radiative properties of these surfaces depends on how badly the assumptions are violated. For a die, if a large percentage of the area is made up of stacks that have lateral dimensions much larger than the wavelength, we expect thin film optics to be reasonably accurate. Large, flat smooth areas in the die would also tend to decrease multiple reflections in surface cavities. For the backside, if the slopes of the rough surface are very gentle, then the surface may be considered locally smooth, and thin film optics may be adequate for predicting the radiative properties. Gentle slopes would also indicate a surface with shallow surface cavities, decreasing the chance of multiple reflections in these cavities. For both the die and wafer backside, the film interfaces must also stay parallel over the sample area to satisfy the assumptions of thin film optics.
The total amount of radiative energy reflected, absorbed, or emitted from a wafer in a particular spectral band is determined by the total radiative properties. For example, to calculate the total reflectance in a particular band, one must integrate the spectral reflectance over the spectral range of interest with respect to a particular spectral distribution of emissive power of the incident radiation. In this case, we choose the blackbody distribution of emissive power to describe the incident radiation. The total reflectance in a particular band is then calculated by [1] : (2) where total reflectance in the band; Planck function evaluated at the source temperature ; , spectral bounds of the band; fraction of blackbody energy in the spectral range of the band evaluated at the source temperature.
III. RADIATIVE PROPERTIES OF DIE AREA

A. Experiment
The samples used for this study are a memory die and a logic die patterned on a single-side polished 150-mm-diameter heavily doped p-type silicon wafer (6 10 , and . The components of the logic die will be the same, but the fractional areas of each component are unknown. It is expected, however, that the fractional areas will not be drastically different from the memory die [18] . The film thicknesses given above are the target film thicknesses of the growth processes, and it is expected from monitor wafers that the true thicknesses should be within ±10% of the target value. To assess the nature of the roughness of each die, 10 10 m atomic force microscope (AFM) images are taken at several locations on each die.
The room-temperature reflectance spectra of the dice were measured using a Cary 5E UV-VIS-NIR dispersive spectrometer equipped with an integrating sphere. A schematic of the experimental setup is shown in Fig. 3 . The source radiation is incident on the sample through a port in the sphere. The sample is tilted so that , with being normal incidence. The reflected light is gathered by the integrating sphere over the entire hemisphere, and is reflected to the top of the sphere where there is a small opening for the detector. The inner surface of the integrating sphere is coated with polytetrafluoroethylene [19] . The reference mirror is made of a proprietary material (Spectralon TM [20] ), which has a reflectance greater than 99% between wavelengths of 0.3 and 1.8 m and greater than 95% between 1.8 and 2.5 m. Since the sample size is smaller than the beam size (12 7 mm), a mask coated with low-reflectance black paint with an opening the same dimensions of the sample size is used to ensure that the reference sample and the dice have equal surface area exposed to the source beam. The reflectance is measured in the spectral range from 0.4-2.5 m with a spectral resolution of 40 A. The uncertainty of the measured reflectance is estimated to be 0.03. Fig. 4(a) shows the measured and calculated reflectance of the memory die, and Fig. 4(b) shows an AFM image of the die. The dashed line in Fig. 4(a) shows the calculation using (1) for the given pattern density. The model captures some of the spectral features of the measurement, e.g., the local minimum at 0.6 m, but does not describe many other features. We speculate that the features that are described by the model are due to interference effects, which are accounted for within the framework of thin film optics. The atomic force microscope (AFM) image of the memory die shows that it consists of a periodic pattern similar to a diffraction grating, with periodicity less than 1 m. Given this, we speculate that the features not described by the model are due to diffraction effects which are superimposed on the interference effects. Since the lateral dimensions of the stacks are smaller than the wavelengths of the incident radiation, it is not surprising that thin film optics fails to describe the spectral reflectance. The image also demonstrates that the die consists of a fully three dimensional pattern, which would increase the difficulty of rigorously modeling the radiative properties. Fig. 5(a) shows the measured reflectance of the logic die, and Fig. 5(b) shows a sample AFM image from the die. The measured reflectance of the logic die does not show the same grating features as the memory die. We speculate that this is due to the lack of periodicity in the logic die, as can be seen in Fig. 5(b) . Images taken on other locations of the logic die show similar randomness, and one can see the nonhomogeneity of the logic die with the naked eye. The dashed line in Fig. 5(a) shows the calculated reflectance, assuming that the logic die has the same pattern density as the memory die. If this assumption is reasonable, the model shows close agreement with the measurement. Even though the whole logic die was not explored by AFM, the images taken suggest that there may be significant portions of the die covered by stacks with lateral dimensions larger than the wavelength of incident radiation. If this is true, it would explain why thin film optics is a reasonable model for the radiative properties. If this result is general, it is fortuitous, considering the computational challenge of rigorous modeling of such an nonperiodic surface. However, as with the results for the memory die, the generality of the results requires further investigation.
B. Results and Discussion
The main reason for wanting to predict the die area properties is to understand pattern induced temperature nonuniformity, which arises from the disparity in the total radiative properties between the die and wafer periphery. Since the pyrometer would not typically look at the front side of the wafer, the accurate prediction of the spectral properties may not be critical. If one can predict the total radiative properties of die area, the film stack on the wafer periphery may be chosen to minimize the disparity. For this strategy to work, one must be able to predict the total absorptance and emittance of the die area. Reactor scale modeling of pattern effects has shown that adding or removing a layer from the wafer periphery can have drastic effects on temperature nonuniformity and thermal stress [21] . It has also been shown experimentally that the choice of films on the wafer periphery has significant effect on temperature nonuniformity [22] and pattern misregistration [3] and [4] , which arises from wafer warpage.
Our objective here is assess the adequacy of the thin film optics model to predict total radiative properties of the memory die shown in Fig. 4 . Although the model does not accurately describe many of the spectral features in the reflectance spectrum, it does seem to describe the average reflectance of the die. To assess the adequacy of the model to predict overall light absorption during RTP, we calculate the total reflectance of the memory die using both measured and modeled reflectance. We assume that K, appropriate for an RTP system with tungsten halogen lamps, m, and m. Using (2), the total reflectance using the measured spectral reflectance is 0.29 and the total reflectance using the calculated spectral reflectance is 0.27. There does not seem to be any overall effect of multiple reflections in the surface cavities, perhaps because the wavelength of incident radiation is larger than the characteristic dimensions of the cavities. Assuming that the wafer is opaque due to the heavy doping in the substrate, the total absorptance using the measured and calculated properties are 0.71 and 0.73, respectively. The fraction of blackbody energy in this spectral range for K is 83% [7] , emphasizing the importance of the radiative properties in this spectral range for wafer heating during RTP. This result suggests that thin film optics may be adequate for estimating the total absorptance of the die area if the fractional areas of each component are known. Additional studies would be required, however, to determine if this is a general result. If this result were general, it would mean that the process engineer could implement strategies for reducing pattern effects without performing rigorous modeling of the complex die surface. If one wanted to calculate the emittance of a wafer assuming K, only 33% of the wafer emissive power is captured in the spectral region between 0.4 and 2.5 m. Hence, the validation of the model at longer wavelengths would be necessary to evaluate its effectiveness in predicting total emittance.
IV. RADIATIVE PROPERTIES OF WAFER BACKSIDES
A. Experiment
The wafers used for the studying the effect of roughness on wafer back side properties are manufactured by from two different manufacturers, referred to as Manufacturers A and B. The wafers from Manufacturer A are the same as those on which the memory and logic dice were grown. On the back side of these wafers, there is a 1000Å layer of polysilicon for impurity gettering deposited by the manufacturer. Wafer A1 has received no processing subsequent to that of the manufacturer. Wafer A2 has a backside multilayer stack consisting of (top layer first): 80Å SiO /0.25 m polysilicon/75Å SiO . Wafer A3 has a backside multilayer stack consisting of 80Å SiO /0.25 m polysilicon/0.17 m Si N /150Å SiO . The polysilicon was undoped and deposited by chemical vapor deposition, as was the silicon nitride layer. All SiO layers were thermally grown. Wafers from Vendor B are 150 mm diameter single-side polished, lightly doped wafers which have received a 25 keV As implant on the front side and a 10 s rapid thermal anneal at 1000 C. There are no polysilicon layers on the backside. Wafer B1 has no layers on the backside, and wafer B2 has a stack consisting of (top layer first): 200Å SiO /600Å polysilicon/4900Å SiO . The nature of the surface roughness of wafers A1 and B1 were explored using AFM, taking both 5 m 5 m and 100 m 100 m images. The room-temperature reflectance spectra of the wafer backsides were measured using the Cary 5E UV-VIS-NIR dispersive spectrometer equipped with an integrating sphere described above. In the case of the wafer backside measurements, no masking was required. Fig. 6(a) shows the measured and calculated reflectance of the front and backside of a wafer A1. Also shown is the measured reflectance of the polished front side of the silicon wafer. Fig. 6(b) A, which will be referred to the nanoscale r.m.s roughness. The front side is smooth bare silicon, and so the model shows excellent agreement as expected. Since our model for silicon and polysilicon are very similar, the calculation is the same for either side. The agreement between the calculated reflectance and the measured frontside reflectance gives confidence in the measurement technique. For the rough backside, however, the measured reflectance is significantly lower than the calculated reflectance. This difference is largest at the shortest wavelength, and slowly becomes smaller as wavelength increases. At the largest wavelength of 2.5 m, the difference is only 0.04, and the measured and calculated reflectances appear to be converging. This type of behavior is consistent with multiple reflections in the surface cavities, with the reduction in reflectance becoming less pronounced as the ratio of the wavelength to the characteristic dimensions of a typical cavity increases. Fig. 6(b) shows long ridges that have dimensions on the order of 2-3 m wide by approximately 1 m deep. Cavities of these dimensions can reduce reflectance of a surface in the short wavelength limit [23] , so this is a plausible cause of the reduction. However, without further modeling effort, we cannot be sure that this is the mechanism responsible for the reduction in reflectance. Fig. 7 shows the measured and calculated reflectance of a the backside of wafer A2. As with wafer A1, the measured reflectance is somewhat lower than the calculated reflectance, although the effect is less severe. At lower wavelengths, the measured height of the interference fringes is less than the calculated height, although this difference could be due to measurement error. If it is a real effect, it could be due to the destruction of the interference in the films by interfacial roughness. The microscale slopes of this surface are somewhat steep, and the nanoscale r.m.s roughness could also be destroying coherence of interfering light waves in the polysilicon film. Also, the calculated spectral location of the maxima and minima of the interference fringes are at somewhat lower wavelengths than the measured ones. This is probably due to uncertainty in the thickness of the polysilicon layer, which we have not measured. Using a polysilicon film thickness of 0.27 m in the model shifts the spectral location of the minimum and maximum to match that of the experiment, a film thickness which is within the uncertainty of the growth process. It could also be due to uncertainty on the refractive index of the polysilicon, which can depend on grain size, especially at lower wavelengths [24] . The agreement between the measurement and calculation is steadily improving as the wavelength increases, similar to the behavior of wafer A1. Fig. 8 shows the measured and calculated reflectance of wafer A3, which shows similar effects as wafer A2. Fig. 9(a) shows the measured and predicted reflectance of wafer B1, and Fig. 9(b) shows the AFM image of the surface. For wavelengths smaller than the bandgap wavelength, the measured reflectance is somewhat smaller than the predicted. However, the differences are much smaller than for wafer A1, and almost lie within the experimental uncertainty. The microscale r.m.s roughness 0.87 m, and at the nanoscale, the surface is smooth. Although the microscale r.m.s roughness is greater than that of wafer A1, the cavities are much shallower, which would tend to reduce the light trapping effect. From Fig. 9(b) , a typical height-to-width ratio of a cavity is less than 0.1, which in the small wavelength limit would not reduce the reflectance significantly [22] . The rise in the measured reflectance at 1.1 m is due to multiple reflections in the wafer, which is transparent at these wavelengths due to its low dopant concentration. The under-prediction of the reflectance at wavelengths above bandgap could be due to total internal reflection in the wafer [2] , which is not accounted for in the model, or to losses at the edge of the sample porthole. Fig. 10 shows the measured and calculated reflectance of wafer B2. Overall, the model shows close agreement with the measurement, especially for wavelengths greater than 0.7 mm. The discrepancies at lower wavelengths could be due to the same mechanisms described above for wafers A2 and A3 for the destruction of coherence of interfering light waves in the thin films. The closer agreement between model and measurements of the multilayered wafer from Manufacturer B can be qualitatively explained by the nature of the surface roughness. Because the surface of wafers from Manufacturer B have areas which are wide compared to the wavelength and locally optically smooth, the assumptions of thin film optics are probably not grossly violated over large portions of the surface. Also, the model accurately predicts the spectral location of the maxima and minima if the interference fringes, indicating that the target film thicknesses are nearly equal to the true film thicknesses. The under-prediction observed for wafer B1 at wavelengths greater than 1.1 m is not observed for wafer B2.
B. Results and Discussion
V. CONCLUSION
This work has presented experimental data on the radiative properties of patterned die areas for the first time. The measured reflectance of the memory die showed the superposition of interference effects and diffraction effects due to the gratinglike periodicity of surface. Although thin film optics did not capture the diffraction effects, it did capture the average reflectance integrated with respect to source at the tungsten halogen lamps. The results suggest that thin film optics may be used to approximate overall light absorption of die area during RTP. The measured reflectance of the logic die showed the same interference effects as the memory die, but did not exhibit the same grating-like features due the lack of periodicity. Assuming that the pattern density was similar to the memory die yielded close agreement between the model and measurement. This is an encouraging result considering the complexities involved in doing a rigorous calculation of the radiative properties of such a surface. Although these results are encouraging, more experimental work is needed to verify their generality. Assessment of the effectiveness of thin film optics at longer wavelength is also required, as a significant part of the wafer's emissive power during RTP lies at wavelengths greater than 2.5 m.
This work has also provided experimental data on bare and multilayered wafers from two different wafer manufacturers with backside surfaces with roughnesses of very different natures. For the wafers from manufacturer A, which had deeper aspect ratio cavities and significant nanoscale roughness, the bare wafer showed reduced reflectance that may be due to multiple reflections in surface cavities. This effect was not captured by thin film optics, although the discrepancy curves appear to be converging at longer wavelengths as expected. The wafers with multilayers form Manufacturer A showed that same effect of reduced reflectance, as well as some shift on peak locations due to uncertainty in film thickness. The bare wafer from Manufacturer B showed closer agreement with thin film optics, which is explained by the nature of the surface roughness. Although the microscale r.m.s roughness was larger for the wafer from Manufacturer B, the surface cavities were much more shallow, and there were large areas which were relatively flat with no nanoscale roughness. Due to the nature of this surface, thin film optics was successful in describing the reflectance for wavelengths greater than 0.7 m. Overall, we expect that thin film optics will be effective in predicting properties, especially at longer wavelengths. Practically, this work suggests that thin film optics may provide very good approximations to the radiative properties, especially for pyrometers operating at longer wavelengths. By doing AFM experiments, process engineers should be able to assess the adequacy of thin film optics models for predicting radiative properties. Thin optics models could then be applied in RTP simulations to predict effects of spatial variations in radiative properties on temperature uniformity and stress fields [1] , [21] .
There is much experimental and theoretical work that needs to be done in order to fully understand the effect of surface roughness on the radiative properties of both the die area and wafer backside. More measurements are required to determine the directional dependence of radiative properties, and measurements are required at longer wavelengths where a significant portion of the wafers emissive power lies. More rigorous models need to be developed and validated for both the die area and wafer backside. Overall, this work provides experimental data that sheds light on the nature of roughness effects, and provides an assessment of the effectiveness of simple models based on thin film optics for accurate prediction of radiative properties.
